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Atopic Keratinocytes Induce Increased Neurite
Outgrowth in a Coculture Model of Porcine Dorsal
Root Ganglia Neurons and Human Skin Cells
Dennis Roggenkamp1, Susanne Falkner1, Franz Sta¨b1, Marlen Petersen2, Martin Schmelz2 and Gitta Neufang1
Skin of patients suffering from atopic eczema displays a higher epidermal nerve fiber density, associated with
neurogenic inflammation and pruritus. Using an in vitro coculture system, allowing a spatially compartmented
culture of somata from porcine dorsal root ganglion neurons and human primary skin cells, we investigated the
influence of dermal fibroblasts and keratinocytes on neurite outgrowth. In comparison with dermal fibroblasts,
keratinocytes induced more branched and less calcitonin gene-related peptide (CGRP)-immunoreactive nerve
fibers. By adding neutralizing antibodies, we showed that nerve growth factor (NGF) and glial cell-line-derived
neurotrophic factor (GDNF) are pivotal neurotrophic factors of skin cell–induced neurite outgrowth.
Keratinocytes and dermal fibroblasts secreted different ratios of neurotrophic factors, influencing morphology
and CGRP immunoreactivity of neurites. To investigate changes of the peripheral nervous system in the
pathogenesis of atopic eczema in vitro, we analyzed neurite outgrowth mediated by atopic skin cells. Atopic
keratinocytes produced elevated levels of NGF and mediated an increased outgrowth of CGRP-positive sensory
fibers. Our results demonstrate the impact of dermal fibroblasts and keratinocytes on skin innervation and
emphasize the role of keratinocytes as key players of hyperinnervation in atopic eczema.
Journal of Investigative Dermatology (2012) 132, 1892–1900; doi:10.1038/jid.2012.44; published online 15 March 2012
INTRODUCTION
The skin is one of the most densely innervated organs of the
human body. Cutaneous innervation is composed of a great
variety of neuronal subtypes whose cell bodies reside in the
dorsal root ganglia (DRG). They can be classified according
to their morphology and protein expression patterns (Lawson,
1995), and also according to their sensory function (Weidner
et al., 1999). Neurons with large diameter and thickly
myelinated Ab-fibers detect mechanical stimuli and innervate
the dermis, whereas thermal and nociceptive stimuli are
detected by unmyelinated C-fibers and thinly myelinated Ad-
fibers, innervating the epidermis and dermis (Lumpkin and
Caterina, 2007). For the murine peripheral nervous system, a
neurochemical and anatomical classification of neurons with
C-fibers has been established (Nagy and Hunt, 1982; Hunt
and Rossi, 1985; Alvarez and Fyffe, 2000; Hunt and Mantyh,
2001). Peptidergic C-fibers express neuropeptides like cal-
citonin gene-related peptide (CGRP) and substance P (SP) and
their central axons terminate in lamina I and outer lamina
II of the superficial dorsal horn, whereas non-peptidergic
C-fibers bind isolectin B4 and their central axonal endings
terminate in inner lamina II of the dorsal horn (Taylor et al.,
2009).
In the periphery, free nerve endings of C-fibers are located
close to skin cells, i.e. dermal fibroblasts and keratinocytes,
providing the structural basis for functional interaction.
However, the interface between the peripheral nervous
system and skin cells is sparsely investigated. Skin cells are
known to produce axon guidance factors, modulating nerve
fiber elongation and function (Stucky et al., 1999). Dermal
fibroblasts and keratinocytes produce both neurotrophic
factors and chemorepellents, e.g. nerve growth factor (NGF)
(Di Marco et al., 1991; Botchkarev et al., 2006) and sema-
phorin 3A (Tominaga et al., 2008), respectively. These factors
exert opposite effects on nerve fiber growth (Dontchev and
Letourneau, 2002), enabling a precise control of cutaneous
innervation. Apart from their role in encoding temperature,
touch, and pain stimuli, sensory nerve fibers modulate
cutaneous inflammation by releasing neuropeptides like
CGRP and SP upon activation. Neuropeptides stimulate mast
cells to release tryptase and histamine, which sensitize
C-fibers (Steinhoff et al., 2003). Mast cell-derived histamine
also induces NGF expression in human keratinocytes (Kanda
and Watanabe, 2003), thus promoting nerve fiber sprouting
(Kinkelin et al., 2000).
Excessive sprouting of cutaneous sensory nerve fibers,
however, is a key characteristic of atopic eczema (Tobin
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et al., 1992; Ostlere et al., 1995). Atopic eczema is a chronic
inflammatory skin disease with increasing prevalence. Its
manifestation is associated with skin barrier disruption and
immunological alterations. The skin of patients suffering from
atopic eczema displays erythema, lichenification, and highly
pruritic plaques reducing the patients’ quality of life (Proksch
et al., 2006; De Benedetto et al., 2009). Pruritus might be
linked to functional changes in the intraepidermally sprouting
nerve fibers, e.g. via elevated levels of peptidergic fibers
(Peters et al., 2006).
Only little is known about the mechanisms regulating
cutaneous innervation due to a lack of suitable techniques. In
recent studies, DRG neurons and keratinocytes were cultured
together in low-calcium-containing medium required for
keratinocyte proliferation (Ulmann et al., 2007; Pereira et al.,
2010). Keratinocytes influenced axonal development of
sensory neurons (Ulmann et al., 2007), but it was not shown
which factors mediated neurite outgrowth. Because somata
of DRG neurons were in direct contact with keratinocytes
in the same compartment, cutaneous innervation was not
mimicked adequately. In vivo, DRG neurons send long axons
to the periphery, whereby keratinocytes are only contacted
by sensory nerve endings.
In this study, we introduce an adapted version of the
Campenot chamber (Campenot, 1977, 2009) that allows
a spatially compartmented culture of somata of porcine
DRG neurons and primary human skin cells. We analyzed
skin cell–induced neurite outgrowth and show that dermal
fibroblasts and keratinocytes produce different ratios
of NGF and glial cell-line-derived neurotrophic factor
(GDNF) modifying neurite morphology and axonal neuro-
peptide content. Furthermore, we demonstrate that mediators
released from atopic keratinocytes induce increased neurite
outgrowth with a higher proportion of CGRP-positive nerve
fibers due to elevated NGF expression levels.
RESULTS
NGF and GDNF induce neurite outgrowth in compartmented
culture systems
We cultivated porcine DRG neurons, using compartmented
culture systems, to analyze the neurite outgrowth mediated
by human recombinant NGF and GDNF (Figure 1). Both
neurotrophic factors attracted neurites to the side compart-
ments and induced neurite outgrowth concentration depen-
dently, whereas skin cell medium without neurotrophic factors
did not induce neurite outgrowth (Figure 1i). Cumulative
neurite length (CNL) mediated by NGF (10 ngml1) and
GDNF (10 ngml1) was not significantly different (Figure 1i).
NGF (10 ngml1) induced neurites (11.43±3.53mm;
Figure 1i) with a straight unbranched morphology, displaying
a high proportion of CGRP-immunoreactive (CGRP-IR)
neurites (70±8%; Figure 1c–e and j). GDNF-induced neu-
rites (16.45±11.91mm; Figure 1i) extensively branched
(Figure 1f–h) and only 33±6% of the CNL were CGRP-
positive (Po0.01; unpaired t-test; Figure 1j). The combination
of NGF (10 ngml1) and GDNF (10ngml1) exceeded a
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Figure 1. Nerve growth factor (NGF)- and glial cell-line-derived neurotrophic factor (GDNF)-induced neurites display differences in neurite morphology and
calcitonin gene-related peptide (CGRP) expression. (a) Compartmented culture system with side compartments (’), partitions (m), and central compartment
(%). (b) Neurotrophic factors induced neurite outgrowth in the side compartment. Neurites were stained with antibody against polyclonal anti-protein gene
product 9.5 (PGP9.5) (red) and nuclei were visualized with 40,6-diamidino-2-phenylindol (DAPI) (blue). Bar¼ 500mm. (c–h) Representative pictures of NGF-
(10 ngml1) and GDNF- (10 ngml1) induced neurites, cultured for 8 days. Neurites were counterstained for CGRP (green). Bar¼ 100mm. (i) Cumulative neurite
length (CNL) mediated by NGF, GDNF, and medium without neurotrophic factors (***Po0.001; unpaired t-test, n¼ 3 in duplicate). (j) Percentage of
neurotrophic factor–induced CGRP-immunoreactive (CGRP-IR) neurite length (**Po0.01; unpaired t-test, n¼3 in duplicate).
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pure additive effect on neurite outgrowth compared with
the corresponding growth factors alone (64.56±7.33mm,
Po0.001; unpaired t-test; Figure 1i).
Primary human dermal fibroblasts and primary human
keratinocytes express different ratios of NGF and GDNF
The expression of NGF- and GDNF-mRNA and -protein was
measured in primary human dermal fibroblasts and primary
human keratinocytes (Supplementary Figure S1 online) to
determine their potential role in the induction of neurite
outgrowth. Both cell types expressed NGF- and GDNF-
mRNA; however, they displayed different growth factor ratios.
Dermal fibroblasts expressed lower levels of GDNF-mRNA
than NGF-mRNA (GDNF: 0.1±0.1; Po0.001; Wilcoxon’s
signed-rank test; Supplementary Figure S1a online). This was
also reflected in increased protein concentrations in cell
culture supernatants (NGF: 9.94±6.63pgml1; GDNF:
1.82±2.26pgml1; Po0.05; paired t-test; Supplementary
Figures S1b and 3 online). Keratinocytes, on the contrary,
showed comparable mRNA expression levels for NGF
and GDNF (GDNF: 1.4±0.7; Supplementary Figure S1a
online), but GDNF-protein was significantly higher in
cell culture supernatants (NGF: 0.68±0.63pgml1; GDNF:
10.48±6.98pgml1; Po0.05; paired t-test; Supplementary
Figures S1b and 3 online).
Dermal fibroblasts and keratinocytes mediate neurite
outgrowth via NGF and GDNF
To analyze neurotrophic factor dependency, primary human
dermal fibroblasts and primary human keratinocytes were
seeded in the side compartments and DRG neurons in the
central compartment of the coculture model. Within 13 days
of coculture, both types of skin cells attracted neurites to their
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Figure 2. Skin cell–induced neurite outgrowth depends on nerve growth factor (NGF) and glial cell-line-derived neurotrophic factor (GDNF) and differs cell
type specifically in neurite morphology and calcitonin gene-related peptide (CGRP) expression. Coculture models comprising dermal fibroblasts and
keratinocytes derived from healthy human skin were cultivated for 13 days. (a) The addition of neutralizing antibodies against NGF (a-N) and GDNF (a-G)
reduced neurite outgrowth (cumulative neurite length (CNL)) mediated by dermal fibroblasts (F) and keratinocytes (K) (*Po0.05; ***Po0.001; repeated
measures analysis of variance (ANOVA), Dunnett’s post-test). (b) Dermal fibroblasts induced a higher proportion of CGRP-immunoreactive (CGRP-IR) neurite
length than keratinocytes (**Po0.01; unpaired t-test). (c–h) Antibodies against polyclonal anti-protein gene product 9.5 (PGP9.5) (red) and CGRP (green) were
used to stain neurites. Nuclei of skin cells were stained with 40,6-diamidino-2-phenylindol (DAPI) (blue). Bar¼ 100 mm.
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compartments without exogenous growth factors being
added to the skin cell compartment (Figure 2). Neutralizing
antibodies against NGF and GDNF were applied to
determine their role in fibroblast- and keratinocyte-induced
neurite outgrowth (Figure 2a). Anti-NGF antibody signifi-
cantly reduced neurite outgrowth mediated by fibroblasts
(72±8%, Po0.001; repeated measures analysis of variance
(ANOVA), Dunnett’s post-test; Figure 2a) and keratinocytes
(62±13%, Po0.001; repeated measures ANOVA, Dunnett’s
post-test; Figure 2a). Fibroblast-mediated neurite outgrowth
was significantly reduced after treatment with anti-GDNF
antibody (25±15%, Po0.05; repeated measures ANOVA,
Dunnett’s post-test; Figure 2a). The reduction of keratinocyte-
induced neurite outgrowth by anti-GDNF antibody was
highly significant (33±16%, Po0.001; repeated measures
ANOVA, Dunnett’s post-test; Figure 2a). The combination of
both neutralizing antibodies had the strongest impact on
neurite outgrowth reduction (fibroblasts, 85±8%; keratino-
cytes, 88±11%, Po0.001; repeated measures ANOVA,
Dunnett’s post-test; Figure 2a). Morphological analysis
revealed that fibroblast-induced neurites displayed few
branches, whereas neurites in the keratinocytes’ compart-
ments showed strong branching (Figure 2c–h). In addition,
neurites induced by fibroblasts had a higher proportion of
CGRP-IR neurite length (49±11%; Figure 2b) compared with
keratinocyte-induced neurites (31±5%, Po0.01; unpaired
t-test; Figure 2b).
Atopic keratinocytes, but not atopic dermal fibroblasts, express
more NGF than corresponding healthy skin cells
To investigate the influence of skin cells on cutaneous
innervation in atopic eczema, we analyzed the expression of
NGF- and GDNF-mRNA as well as -protein in human dermal
fibroblasts and keratinocytes derived from skin biopsies of
patients suffering from atopic eczema (Figure 3). The
expression of NGF-mRNA and -protein in atopic dermal
fibroblasts was not significantly different compared with
dermal fibroblasts derived from healthy skin. Atopic kerati-
nocytes, however, displayed a strong upregulation of
NGF-mRNA and -protein up to 4-fold (Po0.05; unpaired
t-test; Figure 3a and b). The expression of GDNF-mRNA
and -protein was not significantly changed in atopic
dermal fibroblasts and atopic keratinocytes in comparison
with healthy skin cells (Figure 3c and d). An ex vivo
analysis of suction blister roofs confirmed these results: the
epidermis of atopic dermatitis skin expressed significantly
more NGF-mRNA compared with healthy skin, whereas
GDNF-mRNA levels were comparable (NGF—normal kera-
tinocytes: 3.2±2.2, atopic keratinocytes: 12.6±8.4, Po0.05;
unpaired t-test; GDNF—normal keratinocytes: 0.7±0.9,
atopic keratinocytes: 0.4±0.2; Supplementary Figure S2
online).
Atopic keratinocytes, but not atopic dermal fibroblasts, induce
increased neurite outgrowth compared with healthy skin cells
Human dermal fibroblasts and keratinocytes derived from
skin biopsies of patients with atopic eczema were cultured in
the compartmented chamber to investigate their influence
on neurite outgrowth. The induction of neurites and the
proportion of CGRP-IR neurite length mediated by atopic
dermal fibroblasts were comparable to dermal fibroblasts
derived from healthy donors (Figure 4g and h). Atopic
keratinocytes, on the contrary, significantly increased neurite
outgrowth (healthy keratinocytes: 57.86±16.65mm; atopic
keratinocytes: 255.45±63.57mm, Po0.001; unpaired t-test;
Figure 4g) and the proportion of CGRP-IR neurite length was
significantly higher (healthy keratinocytes: 31±5%; atopic
keratinocytes: 65±8%, Po0.001; unpaired t-test; Figure 4h)
(Figure 4a–f). This effect was neither due to different pro-
liferation rates nor due to different differentiation states of
normal and atopic keratinocytes (Supplementary Figures S3
and S4 online). Neutralizing antibody against NGF reduced
the proportion of CGRP-IR neurite length of healthy and
atopic keratinocyte-induced neurites, whereas anti-GDNF
antibody did not (healthy keratinocytes—immunoglobulin G:
32±4%, a-GDNF: 31±6%, a-NGF: 16±6%, Po0.001;
atopic keratinocytes —immunoglobulin G: 63±7%, a-GDNF:
60±9%, a-NGF: 34±6%, Po0.05; repeated measures
ANOVA, Dunnett’s-post test; Figure 4i).
DISCUSSION
Recent progress in cutaneous neurobiology demonstrated the
important role of the interaction between skin cells and the
peripheral nervous system in skin homeostasis. On the one
hand, neuromediators released by cutaneous nerve fibers
activate distinct receptors on skin cells influencing a great
variety of physiological and pathophysiological functions,
including cell growth, differentiation, vasoregulation, wound
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Figure 3. Atopic keratinocytes express elevated levels of nerve growth factor
(NGF)-mRNA and -protein. RNA isolated from healthy and atopic dermal
fibroblasts (hF, aF) and keratinocytes (hK, aK) was subjected to reverse-
transcription (RT). (a, c) Resulting cDNA was analyzed by real-time RT–PCR
(RT-PCR) using 18S rRNA as endogenous control. (b, d) Dermal fibroblasts
and keratinocytes were cultured in 6-well plates for 48 hours. NGF- and glial
cell-line-derived neurotrophic factor (GDNF)-protein concentrations were
analyzed in cell culture supernatants by ELISA. Atopic keratinocytes showed
increased expression of (a) NGF-mRNA (*Po0.05; unpaired t-test) and
(b) NGF-protein (*Po0.05; unpaired t-test) compared with corresponding
cells from healthy donors.
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healing, immunity, and pruritus (Steinhoff et al., 2003).
On the other hand, skin cells have an impact on structure
and function of sensory nerve endings. Skin cells pro-
duce inflammatory mediators, such as prostaglandin E2
(Kabashima et al., 2007; Huang et al., 2008), sensitizing
sensory neurons to chemical and electrical stimuli (Kwong
and Lee, 2002).
Histological observations indicated a higher epidermal
nerve fiber density in the skin of patients suffering from atopic
eczema (Sugiura et al., 1997; Urashima and Mihara, 1998;
Dou et al., 2006), which might contribute to abnormal itch
perception. However, it is not yet understood as to which
mechanism triggers cutaneous hyperinnervation.
To study neurite outgrowth mediated by dermal fibroblasts
and keratinocytes, we adapted the Campenot chamber
(Campenot, 1977, 2009) to establish a spatially compart-
mented coculture of DRG neurons and skin cells. Dermal
fibroblasts, as well as keratinocytes, induced neurite out-
growth albeit displaying differences in neurite morphology
and percentage of CGRP-positive fibers. NGF and GDNF
were confirmed as the key players of skin-cell-mediated
neurite outgrowth because the neutralization of both
neurotrophic factors almost completely abolished neurite
outgrowth. Recent data indicated that neurotrophins promote
axonal growth in a sensory–neuron–keratinocyte coculture,
but residual neurite outgrowth was observed in a fraction of
DRG neurons after tyrosine kinase receptor blockade with
K252a (Ulmann et al., 2009). We show here that GDNF,
binding GDNF family receptor a1 (Bennett et al., 1998), is
one important additional factor regulating cutaneous inner-
vation.
Although the concentrations of NGF and GDNF in cell
culture supernatants were lower than the amount of human
recombinant neurotrophic factors used in this study, primary
human skin cells induced higher CNL than recombinant NGF
and GDNF. We presume that local concentrations of NGF
and GDNF in the vicinity of dermal fibroblasts and
keratinocytes will be much higher compared with mean
concentrations in the supernatant. Furthermore, neurotro-
phins physiologically induce directional growth along a
gradient (Tang et al., 2004). Neurotrophin-releasing dermal
fibroblasts and keratinocytes easily build up such a gradient,
whereas adding the neurotrophic factor in the side compart-
ment will be less effective in creating a gradient. Having
shown that the combination of NGF and GDNF is more
effective to promote neurite outgrowth, we predict that
for this combination lower concentrations are required.
Finally, we cannot exclude that other neurotrophic factors
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Figure 4. Atopic keratinocytes enhance neurite outgrowth and the proportion of peptidergic sensory fibers mediated by elevated nerve growth factor (NGF)
levels. Coculture models containing dermal fibroblasts and keratinocytes were cultured for 13 days. (a–f) Neurite outgrowth induced by (a–c) healthy and (d–f)
atopic keratinocytes. Neurites were stained for polyclonal anti-protein gene product 9.5 (PGP9.5) (red) and calcitonin gene-related peptide (CGRP) (green).
Nuclei were detected with 40,6-diamidino-2-phenylindol (DAPI) (blue). Bar¼ 100 mm. (g) Cumulative neurite length (CNL) induced by healthy and atopic
fibroblasts (hF, aF) and keratinocytes (hK, aK) (***Po0.001; unpaired t-test). (h) Percentage of CGRP-immunoreactive (CGRP-IR) neurite length induced by
healthy and atopic skin cells (***Po0.001; unpaired t-test). (i) Influence of neutralizing antibodies against NGF (a-N) and glial cell-line-derived neurotrophic
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Dunnett’s post-test).
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(neurotrophin 3/4) released from dermal fibroblasts and
keratinocytes also contribute to neurite outgrowth.
Recent findings indicate that extracellular signals might
influence the local concentrations of axonal mRNA, thus
providing specificity to the localized protein synthesis (Willis
et al., 2007). Neurite morphology as well as the quantity of
axonal CGRP might therefore depend on the supply of skin-
cell-derived neurotrophic factors. Recombinant human NGF
induced straight unbranched CGRP-positive neurites,
whereas recombinant human GDNF-induced neurites dis-
played strong branching and a lower proportion of CGRP-IR
neurite length. Former studies investigated the effect of NGF
on somata of DRG neurons. NGF increased CGRP levels in
cultured vagal sensory neurons (MacLean et al., 1989) and
restored depletion of CGRP in sensory neurons from diabetic
mice in vitro (Sango et al., 1994). GDNF plays a minor role
in the development of peptidergic sensory neurons. In
GDNF-mutant mice, the facial CGRP-IR innervation was
not affected, in contrast to NGF-mutant mice (Fundin et al.,
1999).
Skin-cell-induced neurite outgrowth showed marked
similarities to recombinant NGF- and GDNF-mediated
neurite outgrowth. With regard to the neurite morphology
and CGRP content, fibroblast-induced neurites displayed an
NGF phenotype, whereas keratinocyte-induced neurite out-
growth displayed a GDNF phenotype. This correlation was
reflected by fibroblasts producing more NGF than GDNF, as
well as neurite outgrowth being significantly reduced by
scavenging NGF. Keratinocytes, on the contrary, produced
more GDNF than NGF and the reduction of keratinocyte-
mediated neurite outgrowth by both, anti-NGF and anti-
GDNF antibodies, was highly significant.
These data support the hypothesis that neurite morphology
and the proportion of peptidergic fibers are skin layer-
specific. The dermis is characterized by different subtypes of
nerve fibers, bundled as plexus, reaching long distances.
According to fibroblast-mediated neurite outgrowth, dermal
nerve fibers are supposed to branch only infrequently either
to ascend to the epidermis or to form dermal-free nerve
endings (Hendrix et al., 2008). Epidermal innervation was
thoroughly investigated in murine skin. CGRP-positive nerve
fibers displayed straight trajectories and terminated in the
stratum spinosum. In contrast, non-peptidergic nerve fibers
coursed directly through the stratum basale and stratum
spinosum, finally branching in the stratum granulosum (Zylka
et al., 2005). The increased branching grade was also
reflected in keratinocyte–neurite cocultures.
In human skin, intracutaneous injection of NGF induced
local mechanical and heat hyperalgesia that lasted for several
weeks (Rukwied et al., 2010), suggesting nociceptor sensiti-
zation by altered peripheral expression of axonal and sensory
proteins. Therefore, the sensitivity of skin nerve fibers seems
to be modulated in a layer-specific way by the pattern
of locally available neurotrophic factors. Endogenously
increased local NGF concentrations in the epidermal layer
of atopic dermatitis patients might therefore be linked to
pruritus, whereas NGF increase in epidermal and
dermal layers induced by intracutaneous injections leads to
hyperalgesia. If located close to injured afferent fibers,
keratinocyte-derived mediators can even produce massive
nociceptor discharge (Radtke et al., 2009). Unfortunately,
there is no known marker in humans to differentiate functional
nerve fiber classes involved in pain and itch. It is of major
clinical interest to characterize the mechanisms of sensitiza-
tion induced by neurotrophic factors more specifically.
Owing to the fact that the skin of atopic dermatitis patients
displays a higher intraepidermal nerve fiber density, we
investigated whether NGF and GDNF production was altered
in atopic skin cells. Keratinocytes derived from atopic skin
expressed more NGF-mRNA and -protein compared with
healthy keratinocytes, thus displaying an altered GDNF/NGF
ratio. As a consequence, atopic keratinocytes induced
significantly more neurites and the proportion of CGRP-IR
neurite length increased. Several studies indicated that NGF
expression is elevated in atopic skin. Dou et al. (2006)
performed an immunohistochemical study on skin biopsies
of patients suffering from atopic eczema. In this study, we
confirmed this upregulation of NGF expression in the
epidermis from atopic skin. The skin of NC/NGA mice, a
mouse model of atopic eczema, also displays enhanced
NGF expression (Horiuchi et al., 2005; Tanaka and Matsuda,
2005). Several in vitro studies demonstrated a causal con-
nection between NGF upregulation and inflammatory stimu-
lation. Tumor necrosis factor-a increased the NGF production
in HaCaT keratinocytes (Takaoka et al., 2009), whereas
histamine provoked elevated NGF levels in human keratino-
cytes (Kanda and Watanabe, 2003). A further study reported a
correlation between skin scratching and elevated NGF levels
(Yamaoka et al., 2007). In our study, we show that cultured
atopic keratinocytes express more NGF under unstimulated
conditions in vitro. To our knowledge, this is previously
unreported. Apart from NGF, the chemorepellent semaphorin
3A modulates epidermal innervation. A decreased produc-
tion of semaphorin 3A by atopic keratinocytes might reduce
epidermal axon repulsion and therefore contribute to hyper-
innervation in atopic eczema (Tominaga et al., 2008).
Using our coculture model of DRG neurons and skin cells,
we found that atopic keratinocytes induced significantly
more neurites than healthy keratinocytes, and furthermore,
the proportion of CGRP-IR neurite length increased. This
excessive neurite outgrowth can partially be attributed to
increased NGF production by atopic keratinocytes. Nerve
fiber sprouting in human allergic contact eczema was also
associated with elevated NGF levels (Kinkelin et al., 2000).
Neutralizing the keratinocyte-derived NGF in the atopic
eczema cultures normalized the proportion of CGRP-IR neurite
length, supporting a key role of NGF in the modulation of
neuropeptide content of cutaneous nerve fibers.
It has been shown that the skin and dorsal horn of NGF-
overexpressing mice displayed an increased innervation by
CGRP-positive fibers (Albers et al., 1994; Mendelson et al.,
1996; Davis et al., 1997). In a murine stress model, the
proportion of peptidergic sensory neurons in skin-innervating
DRGs was elevated after cutaneous injection of NGF.
Furthermore, increased numbers of peptidergic sensory nerve
fibers were observed in the dermis (Joachim et al., 2007).
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Lesional skin of patients suffering from atopic dermatitis
and nummular eczema was hyperinnervated, having more
SP- and CGRP-positive fibers in the epidermis and in the
papillary dermis when compared with their non-lesional con-
trols (Jarvikallio et al., 2003). Others also reported increased
numbers of nerve fibers containing SP and CGRP in atopic
dermatitis (Tobin et al., 1992; Ostlere et al., 1995). Chronic
exposure to NGF increased the expression of SP and CGRP
in sensory neurons (Lindsay and Harmar, 1989; Bowles et al.,
2006). These alterations were reversed by an anti-NGF-
blocking antibody (Donnerer et al., 1992; Leslie et al., 1995).
NGF-sequestering molecules were used to investigate the
role of endogenous NGF. An NGF-binding synthetic tyrosine
kinase A–immunoglobulin G fusion protein decreased the
expression of CGRP and transient receptor potential ion
channel V1 in sensory neurons (Pezet and McMahon, 2006).
The neutralization of NGF diminished stress-induced effects
on the percentage of peptidergic sensory neurons in skin-
innervating dorsal root ganglia (Joachim et al., 2007). Anti-
NGF strategies might therefore be a powerful pharmacological
approach to counteract hyperinnervation, especially with
regard to the increase in peptidergic nerve fibers in the
therapy of atopic eczema.
Our results indicate that the cross-talk between skin cells
and sensory neurons plays a crucial role in cutaneous
neuronal function and plasticity. Skin-cell-derived NGF and
GDNF determine nerve fiber density and morphology, as
well as axonal neuropeptide levels. Modulation of these
neurotrophic factors might be the key to improve pathological
innervation densities in different skin conditions like hypo-
innervation in aged (Panoutsopoulou et al., 2009) and
diabetic (Loseth et al., 2008) skin or hyperinnervation in
atopic (Tominaga et al., 2009) and psoriatic (Raychaudhuri
and Raychaudhuri, 2004) skin.
MATERIALS AND METHODS
Cell culture
Fibroblasts and keratinocytes were isolated from punch biopsies
obtained from similar sites on adult inner upper arm skin. Punch
biopsies from atopic dermatitis patients were obtained from
perilesional sites of eczema. Atopic dermatitis patients displayed
an intensity of local SCORAD of 6.25±1.04 and a SCORAD of
30.82±4.81 on test area arm. All volunteers provided written,
informed consent. Patients and controls did not differ in their age
(control: 40.66±12.75; atopic: 38.00±8.15 years). In an additional
clinical study, the epidermis of atopic dermatitis patients and healthy
controls was obtained using suction blister technique. Suction blister
roofs were obtained from the same area of interest. Local SCORAD
of atopic dermatitis patients and ages of patients and controls were
equivalent. The clinical studies were conducted according to the
Declaration of Helsinki Principles and approved by the ethical
committees of the Medical Association, Kiel and Freiburg, Germany.
Skin specimens were incubated for 3 hours, 37 1C, in Dispase II
solution (Roche, Penzberg, Germany) to separate the epidermis from
the dermis. The epidermis was incubated in trypsin/EDTA solution
(PAA, Linz, Austria) for 15minutes at 37 1C to dissociate keratino-
cytes. These were subsequently cultured in keratinocyte basal
medium-2 supplemented with keratinocyte growth medium-2
SingleQuot kit (Lonza, Cologne, Germany). De-epidermized dermis
explants were cultured in DMEM with 1% penicillin/streptomycin,
1% L-glutamine (all from Invitrogen, Darmstadt, Germany) with 10%
fetal bovine serum (PAA) to gain human dermal fibroblasts. The
passage numbers of the atopic-derived and normal control cells were
equivalent. Cells were used at passage number 3.
DRG neurons were isolated from spines of 3- to 5-day-old pigs
(sus scrofa domestica). DRGs were incubated in collagenase
(Invitrogen) 3 45minutes at 37 1C, transferred to trypsin for
10minutes, 37 1C, and then dissociated. Cells were cultivated in
Ham’s F12 medium (Sigma-Aldrich, Munich, Germany) with 10%
horse serum, 1mM L-glutamine, 0.3% essential amino acids (all from
Invitrogen), and 10 ngml1 human NGFb (Sigma-Aldrich) at 37 1C
and 5% CO2.
Coculture model of porcine DRG neurons and skin cells
To establish a coculture model of porcine DRG neurons and skin
cells, a Teflon divider (schematic diagram in Figure 1a) partitions a
culture dish into distinct compartments preventing media blending
(Campenot, 1977). Isolated somata of DRG neurons were seeded in
the middle compartment in supplemented Ham’s F12 medium
(180,000 cells in 400 ml). Next day, the side compartments were
loaded with 600 ml medium containing human recombinant
neurotrophic factors (NGFb; Sigma-Aldrich; GDNF, R&D Systems,
Wiesbaden, Germany) or medium for culturing human dermal
fibroblasts or keratinocytes (5,000 cells in 600 ml). The medium of
each compartment was changed every second day. Neutralizing
antibodies against NGFb (goat anti-human b-NGF antibody; R&D
Systems) or GDNF (goat anti-GDNF antibody; R&D Systems) or as a
negative control normal goat immunoglobulin G (R&D Systems)
were repeatedly added to the respective media beginning one day
after seeding skin cells (0.1 mgml1 each).
Immunocytochemistry
Cells were fixed in 4% paraformaldehyde (Sigma-Aldrich) for
15minutes and nonspecific binding was blocked with 1% goat
serum in phosphate-buffered saline (PAA) for 1 hour at room
temperature. After permeabilization with 0.1% Triton-X (Sigma-
Aldrich) in phosphate-buffered saline, incubation with the primary
antibodies rabbit polyclonal anti-protein gene product 9.5 (Ultra-
clone, Wellow, UK; 1:800) and mouse monoclonal anti-CGRP
(Abcam, Cambridge, UK; 1:500), diluted in 1% goat serum in
phosphate-buffered saline, was carried out at 4 1C overnight.
Species-specific fluorochrome-conjugated secondary antibodies
(Invitrogen) were applied, mixed with 40,6-diamidino-2-phenylindol
(Sigma-Aldrich) for nuclear staining, and incubated for 2 hours at
room temperature. After washing with phosphate-buffered saline, the
cells were subjected to increasing concentrations of ethanol and
mounted in fluorescence mounting medium (DAKO, Glostrup,
Denmark). Neurite outgrowth was visualized with Axiovert S100
(Zeiss, Go¨ttingen, Germany) applying the AxioVision 4.8 software
(Zeiss). CNL was analyzed with the ImageJ software (NIH, Bethesda,
Maryland).
Real-time quantitative reverse-transcriptase–PCR
Total RNA was isolated from dermal fibroblasts and keratinocytes by
using RNeasy Kit (Qiagen, Hilden, Germany). Isolated RNA was
subjected to quantification and quality testing using NanoDrop
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ND-1000 (Peqlab, Erlangen, Germany). Of the total RNA, 1 mg was
reversely transcribed with High Capacity cDNA Reverse Transcrip-
tion Kit (Applied Biosystems, Darmstadt, Germany) according to
the manufacturer’s instructions. Expression levels were detected by
real-time reverse transcription–PCR using gene expression assays
for NGFb (Hs00171458_m1; Applied Biosystems) and GDNF
(Hs01055329_m1; Applied Biosystems) mixed with TaqMan Master
Mix Reagents Kit (Applied Biosystems) performed in a 7900HT Fast
Real-Time PCR System (Applied Biosystems). All assays were run in
duplicates. Gene expression was quantified by comparative DDCt
method normalizing each target gene expression to endogenous
control 18S rRNA levels. Normalized gene expression levels were
compared and indicated as relative target gene expression.
ELISA NGF/GDNF
The protein concentrations of human NGFb and GDNF in the
supernatants of dermal fibroblasts and keratinocytes were measured
by using Emax ImmunoAssay Systems (Promega, Mannheim, Germany),
according to the manufacturer’s instructions. Absorption was
measured using the Spectra Max 250 (Molecular Devices, Ismaning,
Germany).
Statistical analysis
For description of the data, the arithmetic mean and the standard
deviation were represented graphically. Data were analyzed with
GraphPad Prism 5 (San Diego, California). The normality of the data
was tested by the Shapiro–Wilk test. If the null hypothesis of the
Shapiro–Wilk test was rejected, nonparametric methods were used.
With respect to the structure of the data (e.g. paired or independent,
two or more groups) adequate test methods were used for detecting
differences (see legends of the corresponding figures). The test for
differences based on two-sided hypothesis testing with significance
level of 0.05.
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